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論文内容要約 
An Oscillating Heat Pipe (OHP) has attracted attentions as a thermal control device used for a next-generation spacecraft 
which heat dissipation from on-board devices increases inside. The OHP was invented by H. Akachi in 1990, Japan. The 
objective of the OHP development was to overcome the operational limitations of the conventional heat pipe because of the 
capillary limit, the nucleate boiling limit, and the counter flow limit at the vapor-liquid interface. The OHP consists of several 
U-shaped capillary tubes, which meander  
between the heating section and the cooling section, and a working fluid. After evacuation, the OHP is charged with a working 
fluid to almost half of its internal volume. On application of heat to the heating section, the oscillating flow is driven by the 
pressure difference between each channel. In this manner, the working fluid transports heat from the heating section to the 
cooling section by a combination of sensible and latent heat transfer. Because an OHP is usually made from a tube with a very 
small diameter, it is quite thin. Thus, an OHP can transport heat from narrow spaces with high efficiency. Furthermore, because 
OHPs do not have a porous structure (wick), they have a simple flat-plate configuration and are much lighter than conventional 
heat pipes. As a result of these merits, OHPs have become very attractive heat transfer devices.  
However, the OHP has not been used for the actual spacecraft yet. The internal flow phenomenon and the heat transfer inside 
the OHP are quite complex and have the strong relationship. Therefore, the prediction of thermal performance is difficult, and 
the quantitative prediction of the thermal performance has not been achieved. Thus, the stable operation of the OHP as a 
thermal system has not been guaranteed, and the reliability has not been established. To overcome these problems, the 
numerical analysis is the effective tool, if the model can correctly reproduce the internal flow and the thermal phenomena. 
Because the thermal steady state of the OHP is achieved by the non-steady movement of the vapors and liquids, the non-steady 
equations should be applied to the numerical model. Moreover, the scale of the heat transfer in the OHP ranges from the several 
microns in the vapor-liquid interface to the several meters as the whole system. Therefore, the unique approach is necessary, and 
the one-dimensional model specialized in the slug flow in the capillary tube has been developed in the previous studies since the 
2000s. However, the qualitative agreement between the experimental data and the numerical analysis has never been achieved 
previously. One of the critical problems on the numerical model of the OHP is the modeling of the boiling. The boiling is the 
important phenomenon for the prediction of heat transfer and for the reproducing the quick movement of liquids and vapors 
because of the rapid pressure rise. About the boiling, the numerical model which can reproduce the temporally and spatially 
random boiling phenomena in OHPs has not been developed because the treatment of vapor plugs and liquid slugs, the number 
of which varies momentary, is very difficult. Further, the criteria of boiling in OHPs have not been understood well. Another 
problem on OHP model is the integration of the system. Towards the qualitative prediction, every part consisting the OHP and 
every thermal fluid phenomenon should be numerically modeled and integrated into the single system.  
Therefore, in this research, a novel numerical model of OHP was developed, and the model was applied to the calculations for 
the reproducing the phenomena in the OHP and for understanding the operational principle. This paper consists of following five 
Chapters. Chapter 1 is introduction and Chapter 5 is conclusion. 
Chapter 2 described the methodology of the numerical modeling of the OHP and its detailed algorithms. The model was 
one-dimensional model along the flow path, and the separated slug flow in the capillary tube was assumed in the model. The 
model consisted of the heating plate, the cooling plate, the pipe wall, the liquid phase, the vapor phase, and the liquid film. The 
liquid phase was dealt as incompressible flow, but the vapor phase dealt as the compressible flow. The model also considered the 
boiling phenomena, creating and receding of liquid films, and pressure loss due to deformation of the meniscus. The energy 
equations were applied to the pipe wall, the heating plate, the liquid slugs, the vapor plugs. In addition, the mass conservation 
law for the vapor plugs and the liquid films, and the momentum equation for the liquid slugs, were included. For the estimation 
of the thickness of liquid films, the empirical correlation in the isothermal case was employed. Furthermore, the flow nucleate 
boiling was assumed for the boiling model. The degree of superheat was calculated by using the empirical correlations. The 
correlations were presented for the both the non-wetting fluid and the high wetting fluid. Firstly, the effect of newly presented 
boiling model on the operational characteristics of the OHP was evaluated. In the model without the boiling algorithm, the 
oscillation of liquid slugs was collapsed as the heat input became higher, and the OHP stopped the operation. This collapse of the 
oscillation of was caused by the large inertia of liquid slugs. On the other hand, the model with the boiling algorithm could 
reproduce the oscillation even in the higher heat input cases. The model with boiling reproducing the phenomenon can be 
considered as more correct than the model without boiling because the OHP could operate in the experiments same test cases as 
calculation. Then, the comparison between the numerical analysis and the experiment was conducted to confirm the validity of 
the presented numerical model. The numerical analysis was conducted with variable fitting parameters of the liquid film 
thickens and the maximum radius of an active cavity for boiling. The numerical results show quantitative agreement with the 
experiment by using the appropriate values of fitting parameters. As the effect of the fitting parameters, the case with the 
thicker liquid film showed the better agreement in lower heat input cases, but the case with the thinner liquid film was closer to 
the experiment in the higher heat input cases. Furthermore, it was found that the OHP cannot operate without boiling 
phenomenon in the calculated cases, but the frequent boiling makes the thermal performance of the OHP worse.  
  In Chapter 3, the operational principle of the OHP was presented. Firstly, the calculation using the numerical model assuming 
the continuous liquid film was conducted to obtain the simple and basic oscillation because the model with liquid film receding 
and creating showed unstable behavior in Chapter 2. The numerical results revealed that oscillations of the liquid slugs inside 
OHP are connected each other. Furthermore, it was found that the pressure wave travels in one direction through the working 
fluid during the oscillation. This pressure propagation phenomenon was the novel fact, which has not been able to observe by the 
point measurement of the pressure in the experiment. Moreover, the reason of the pressure propagation and the oscillation 
propagation of liquid slugs positions was considered from the viewpoint of the thermal cycle. Firstly, the thermal cycle was made 
regarding the single vapor plug in the heating section. In this case, the thermal cycle showed the straight shape, which suggests 
that the obtained energy from the outside and the amount of the vapor work to the outside are same during the cycle. This 
characteristic was same as the result in the previous experiment using the straight tube OHP. However, this was not the direct 
reason for the propagation phenomena. Next, the thermal cycles in each channel, which were divided according to the direction 
of the propagation, were focused on. As results, these cycles had elliptical shapes, which was different from the case of single 
vapor plug. The cycle was in the left direction in the upper channel and in the right direction in the down channel. The vapor 
obtained energy via compression in the right direction of the thermal cycle. Contrarily, the vapor exerted work on its 
surroundings in the left direction. Thus, it could be considered that the vapor plug obtained energy in the upper channel, and 
then transmitted that energy to the next channel in the down channel. In fact, the propagation of the energy of vapor as the 
work occurred in the same period of the oscillation propagation ant the pressure propagation.  
 Then, the presented basic operational theory was extended to other operating cases in this section by using the results obtained 
in Chapter 2. As typical cases, three cases were presented. The first case was the condition with the heat input 10 W, the 
thickness of liquid film 10 μm, and the radius of cavity 0.2 μm. This case was classified as the ideal operation with the traveling 
pressure wave. As same as the basic calculation case, the traveling pressure wave was observed and the operation of the OHP 
was thermally stable. Thus, it was considered as the ideal operation of the OHP. The second case was the condition with the heat 
input 30 W, the thickness of liquid film 10 μm, and the radius of cavity 0.2 μm. This case showed the anomaly behavior. The 
clean pressure wave was not observed, but the pressure distribution became very random. For example, the sudden pressure 
rise by boiling and merging of the two pressure waves could be seen. Therefore, the operational characteristic shows anomaly 
behavior in this calculation case because of the effects of the large inertia of liquid phase, boiling, and phase change. The loss of 
vapor energy should be larger than the one-directional propagation, so this operational characteristic is not ideal. The third case 
was the condition with the heat input 50 W, the thickness of liquid film 5 μm, and the radius of cavity 0.2 μm. The clear 
difference from the previous cases was that the most of the liquid slugs are not able to come into the evaporator at all. Thus, the 
pipe inner surface is completely dry in the heating section, because the liquid films were not created sufficiently. This 
phenomenon has been recognized, as the operational limit of the conventional OHP. In fact, the temperature difference 
immediately became large at 50 W. These results lead us to the conclusion that the developed numerical model could reproduce 
the thermal performance and flow phenomena in the OHP, and the understanding of the operational principle became deeper. 
However, to maintain the ideal operation condition of the conventional OHP is quite difficult, and the improvement of the 
performance is necessary towards the application for spacecraft.   
  In Chapter 4, the numerical model was extended to the Flat-plate Heat Pipe, which was the application of the OHP developed by Japan 
Aerospace Explanation Agency (JAXA) as the next-generation thermal control device for spacecraft. By using the numerical model, the on-orbit 
experiment of the FHP was simulated. To develop the FHP model, the check valves model including the pressure loss was integrated 
additionally. This numerical model was the first OHP with check valves model in a world. In the result, the momentum of liquid 
slugs showed the positive value and fluctuated. Therefore, it could be confirmed that inner flow was the one-directional 
circulation with variable velocity in the FHP. The model was valid by using the experimental data from both the ground test and 
the on-orbit test. As results of the comparison, the numerical model showed quantitative agreement with the experiments, and 
the error between the numerical result and the experiment was only 1.7oC even in the maximum value.  
Then, effects of the initial vapor-liquid distribution on the startup behavior were investigated because unsuccessful startup 
behaviors were observed in some conditions in the on-orbit experiment. First, the change of vapor-liquid distribution in the 
orbital thermal condition was calculated. Results suggested that the liquid slugs gathered in the cooling section when the 
satellite position was within the eclipse, and the liquid slugs moved to the heating section after the transient point between the 
eclipse and the day, then, finally liquid slugs localized in the heating section and slowly oscillated. The conditions of the initial 
vapor-liquid distributions were decided based on this result. The conditions of the initial distribution were the equal distribution, 
the localization in the heating section, middle section, and the cooling section. The calculation was performed at the 2.6 W and 
11.1 W. As results, the FHP could start smoothly in all cases except the cases of the localization in the cooling section. When 
liquid slugs localized in the cooling section, the liquid slugs slightly moved, but the movement did not reach the entire flow in the 
channels. The thermal performance did not change, once the FHP could start. Especially, the initial distribution did not affect 
the steady-state thermal performance at the higher heat input because the flow was sufficiently developed. Finally, we 
concluded that the unsuccessful startup behavior in the on-orbit experiment was caused by the localization of liquid slugs in the 
cooling section. Therefore, the further studies are necessary to the improvement of the startup behavior of the FHP.  
 
